is paper presents a new method to identify the stress concentration degree and stress distribution characteristics in front of working face in coal mine, based on the close relationship between charge and stress during fracture of coal mass. is method overcomes many disadvantages of conventional stress-monitored methods. First, the stress and charge relationship of coal mass was established through damage theory and statistical strength theory. en, the relationship between stress and charge was studied by a laboratory test, and finally, the field charge monitoring test was performed. e results show that there is a nonlinear relationship between loading stress (σ) and cumulative charge (Q), which can be represented by polynomials. e fitting results of the laboratory test between σ and Q conform to a cubic polynomial function, Q � aσ 3 + bσ 2 + cσ + d. It verifies the rationality of the theoretical relationship formula. e field monitoring results show that average charge is great and cumulative charge changes from rapid upward to sharp upward before roof falling. e magnitude and position of average charge and the upward trend of cumulative charge can be used to identify the stress concentration and stress distribution in front of working face, and the abnormal stress area can be predicted. e results can provide certain guidance for the forecast of rock burst in coal mine.
Introduction
Nowadays, the threat of rock burst is increasingly intensifying with the increase of mining depth and intensity. As a result, research on the prediction of rock burst is extremely urgent [1, 2] . e occurrence of rock burst is a result of multiple factors, including geostress, mining depth, coal-rock impact tendency, geological structures, overlying strata structure, and mining layout. Among these factors, high-stress environment is the principal consideration. e mechanism of rock burst induced by the combination of coal mining dynamic load and high static stress has been recognized by scholars [3] . erefore, the accurate prediction of high static stress area of underground coal and rock mass can guide the relief area of pressure relief with a large diameter drilling hole and coal mass blasting measures and thus can effectively prevent and control the rock burst. e study of effective stress monitoring methods has become an important scientific issue to ensure the safe and efficient mining of coal resources. At present, conventional methods of monitoring stress mainly include drilling cuttings and stress online monitoring [4, 5] . e former method requires manual operation, and it is time-consuming, laborious, and greatly influenced by human factors, resulting in low accuracy and reliability of monitoring data. Although the online stress monitoring method has a high accuracy of monitoring data, it has some disadvantages, such as complicated installation procedure, astronomical cost, and small coverage area. erefore, a more effective monitoring method is required. e existing research results show that there are charges in the process of deformation and failure of coal and rock mass due to the piezoelectric effect, friction, and microfracture leading to charge separation at the crack tip and so on [6] [7] [8] [9] . e charge signals are closely related to the dynamic process of coal and rock, and there is a great deal of information about the mechanical process of deformation and fracture of coal and rock mass. e charges can be extracted and analyzed by a high-sensitivity charge collection system, forming a charge induction method for monitoring coal and rock fracture instability.
Many scholars focused on charge induction technology. Nitsan [10] studied the piezoelectric effect of rock and obtained that when rock containing quartz and other hard piezoelectric materials break down, there is a charge-induced signal in the radio frequency band. Ogawa et al. [11] found that the opposite polarity charges were produced on both sidewalls of the original crack wall during the fracture process of piezoelectric rock materials. Kuksenko et al. [12] measured the induced charge with an electrometer when marble was loaded and found that the induced charge increased sharply when the rock was suddenly loaded or unloaded. Varotsos et al. [13] found that there are lowfrequency and instantaneous pulse charge signals before the earthquake and the duration of the signal was longer. Vallianatos et al. [14] [15] [16] presented the MCD model for the generation of electric current in rocks under stress, which was influenced by the motion of charge bearing dislocations. Within the MCD model, for the first time, the relationship between current density and strain rate was demonstrated and used as a prominent mechanism for the production of electric earthquake precursors. Triantis et al. [17] [18] [19] found a linear relationship between charge signal and deformation by applying uniform velocity stress to the rock during the application of the pressure-stimulated current (PSC) technique. Sun et al. [20] found that when diorite, marble, and limestone were loaded, the fractured rock was charged in the early stage, and according to the magnetic field intensity of the main fracture, the charge of fracture surface was calculated to be 5.2 × 10 − 4 C and the charge surface density was 1.4 × 10 − 2 C/m 2 . He et al. [21] proved that there is electromagnetic radiation in the process of deformation and failure of coal through experimental research, and the premise and basis of electromagnetic radiation is the separation of charge. Lv et al. [22] discussed the formation mechanism of the interface potential barrier of microcracks in coal and rock mass. It is believed that under external loads, slip, dislocation, and inhomogeneous deformation of crack interface and tip lattice result in charge breakthrough and jump, and potential barrier energy is formed at the crystal interface. Pan et al. [23] studied the charge law of coal mass under tensile failure. e abnormal area of charge signals corresponded to the stress mutation stage in the coal and rock splitting test. e free charge produced by tensile failure of coal mass was more abundant than that of sandstone and mudstone. Wang et al. [24] studied the failure characteristics and charge law of coal mass under uniaxial loading and found that the charge signal law corresponding to different failure characteristics was different.
Although much research has been done on the charge signal law of coal and rock mass under external load, the theoretical study on the stress and charge relationship and the experimental study on the quantitative relationship between stress and charge parameters of coal mass have not been reported yet. ese are important preconditions for predicting rock burst by the charge induction method. Hence, in this work, the stress and charge relationship formula of coal mass under uniaxial compression is established, the quantitative relationship between stress and cumulative charge is obtained through laboratory experiments, and the field test of charge monitoring is carried out by the independently developed device. e research results can provide a new idea for the prediction of stress concentration degree and stress distribution characteristics of coal and rock mass, so as to provide some references for the prevention of rock burst.
Stress and Charge Relationship Analysis of Coal Mass under Uniaxial Compression

Preliminary Study on Charge Generation Mechanism of
Coal Rock Fracture. As shown in Figure 1 , when the coal rock is fractured under load, dislocation and slip are generated on the surface and the tip of crack after initiation of new crack and the propagation of primary crack. As a result, the friction between crack interfaces is induced. e positive and negative charges are separated from the process migrate, aggregate, and mutate in different directions, and the macroscopic phenomenon is the nonuniform charge separation on the crack interfaces. At the same time, due to the movement and transfer of atoms, vacancies are formed. Atoms move to different vacancies, and their repeated movement and transfer result in the formation of micropotential barriers at different charge accumulation interfaces. e charge generation mechanism in the coal-rock fracture process can be explained by the theory of electricity generation of crack slip friction and the change of interfacial potential barrier of microcracks [25] .
Stress and Charge Relationship Formula Analysis.
Because the charge is related to the deformation and fracture of coal and rock and the internal damage process of coal and rock under compression, damage theory can be applied to study the relationship between stress and charge [26, 27] . It is assumed that the coal and rock material can be regarded as composed of a number of microelements with different defects. Moreover, the microelement can be regarded as small enough from the macroscopic, and its internal mechanical properties can be regarded as uniform. At the same time, from the mesoscopic point of view, the microelement can also be considered to be of large size to reflect the statistical average properties of materials due to enough mesostructural information.
Assuming mesoelement strength of coal and rock conforms to Weibull distribution [28] , the probability density function of Weibull distribution is
where ε 0 is the distribution scale of Weibull distribution, m is the morphological parameter expressed in the form of strain, and ε is the strain of microelement of coal and rock under uniaxial compression. φ(ε), the probability of failure of microelement, reflects the damage degree of the specimen microscopically and can be used to estimate the failure of microelements macroscopically. It is assumed that a certain number of charge events will be generated once the microelement is destroyed, which will contribute to the total number of charge events. en, the probability of the number of charge events in the process of deformation and failure of coal and rock mass can be expressed by formula (1) . At the same time, it is assumed that the microelement cannot recover its strength once it is broken. at is to say, the damage of coal and rock mass is irreversible in the process of deformation and fracture. en, the number of charge events, N, generated can be determined based on charge events per unit volume, n, and the failure volume, ΔV, as follows:
Assuming that the volume of the whole coal and rock mass is V and the total number of charge events accumulated during the complete failure of the coal and rock mass is N 0 ,
According to the Weibull distribution, when the strain of coal and rock mass increases, Δε, the volume ΔV of failure of coal and rock mass is
erefore, when the strain of coal and rock mass increases, Δε, the number of charge events N is
Similarly, when the strain of coal and rock mass during loading is ε, the cumulative number of charge events N is
When the uniaxial compression deformation of coal and rock mass increases from ε to ε + dε, the corresponding stress increases from σ to σ + dσ. e relation between the charge event number N and the loading principal stress σ 1 is
where E is the elastic modulus of microelement. en, the uniaxial compression deformation of coal and rock mass increases from 0 to ε, the corresponding stress increases from 0 to σ. e relation between the charge event number N and the loading principal stress σ 1 is
For simplicity of calculation, let m � 1, then
e following formula (10) can be obtained by expanding formula (9) according to Taylor series and taking polynomial N � a n σ n + a n− 1 σ n− 1 + · · · + a 1 σ + a 0 ,
where a n , a n− 1 , . . . , a 0 are constant. It can be seen that there is a nonlinear relationship between the cumulative charge events and the loading stress of coal and rock mass under uniaxial compression, which can be regarded as the n-th polynomial relationship.
In the process of deformation and failure of coal and rock microelement, a certain amount of charges are accumulated for each charge event. e more charge events are generated per unit time, the more charges are accumulated. e charge of each charge event is q, and the loading stress is σ, so the total cumulative charge Q is
e relationship between stress and total charge in uniaxial compression can be obtained by introducing formula (10) into formula (11) as follows:
where b n , b n− 1 , . . . , b 0 are constant. From the above theoretical analysis, it can be seen that there is a polynomial relationship between loading stress and 
Experimental Research on the Relationship between Stress and Charge of Coal Mass under Uniaxial Compression
3.1. Sample Preparation. Coal blocks were taken from a mine in Henan. In the laboratory, coal blocks were prepared into a standard sample. e diameter of the sample was 50 mm, and the length was 100 mm. A total of 10 coal samples were prepared, as shown in Figure 2 . Figure 3 , the experiment system includes a loading system, a shielding system, and a charge signal monitoring system. A DCS-300 digital hydraulic servo test machine was used for the uniaxial compression test, and load and displacement data acquisition processes were used to obtain the measurements automatically, which were made by MTS Systems (China) Co., Ltd, GuangDong Province, China. e machine has a compression capacity of 600 kN. e shielding system is a self-developed multifunctional cylindrical shielded steel cylinder with a diameter of 20 cm and a height of 30 cm, and the insulating paper was used to insulate the bearing plate and coal samples. e charge signal monitoring system consisted of a noncontact charge induction probe, a charge amplifier, and a data acquisition instrument. e type of charge amplifier was ICA101, which was made in Hunan Province, China, with a length of 15 cm, width of 10 cm, and height of 3 cm. e basic sketch of charge amplifier is shown in Figure 4 , and the sensor frequency was 1∼1000 Hz and the sensitivity peak >75 dB. Figure 4 , the coal mass generates free charge due to internal crack propagation and friction under external load. When charged particles on crack surface pass through the sensitive element of the charge induction probe, the surface of sensitive element produces an equivalent of heterogeneous induced charges under the action of the charge induction. When the charged particles on the crack surface are far away from the sensitive element of the charge induction probe, the internal charge restores to equilibrium state. e charge amplifier can convert and amplify the induced weak charge signal into voltage signal in a certain proportional relationship. en, voltage signal can be collected by using data acquisition instrument. us, the deformation and failure information of coal and rock mass can be obtained from final signals.
Experiment System. As shown in
Experiment Principle and Method. In
Under uniaxial compression, the displacement control was adopted and the displacement rate was 0.02 mm/s. e charge signal sampling frequency was set to 2500 Hz. e charge induction probe was placed on both sides of the sample, about 5∼10 mm away from the surface of sample, as shown in Figure 5 . e specific steps of the test are as follows:
(1) Install all test equipment and ensure operation of the equipment. (2) Place a coal sample into the shield cylinder and pad the insulation paper between the coal sample and the pressure head to prevent charge overflow. Debug equipment and set parameters. results and the limitation of space, six representative samples were selected to illustrate the test results.
Experiment Results and Analysis
Charge Law of Coal Sample Fracture
Process. Figure 6 demonstrates that the generation of charge signals is in good agreement with the stress mutation. According to the variation characteristics of the whole time-stress curve of coal sample failure, the deformation and failure process of coal sample can be roughly divided into three stages: compaction elasticity (0∼70% σ c ), reinforcement damage (70%∼100% σ c ), and postpeak failure stage (100%∼0 σ c ). In the compacting elasticity stage, due to low extension of cracks, cumulative damage and the area of fracture surface formed are smaller, and weak friction and dislocation reveal there are fewer free charges. erefore, charge signals remain relatively stable at this stage, and only a small amount of low charge signals are generated.
As shown in Figure 6 , when it enters the reinforcement damage stage, the deformation begins to accelerate with the increase of stress. A lot of cracks converge and penetrate continuously; therefore, the cumulative damage increases. e friction degree among particles increases gradually, which increases the number of free charges escaping from bound charges in coal and rock grains and leads to the increase of frequency and amplitude of charge signals. Figure 6 shows that the stress reaches about 70∼80% σ c at the initial stage of reinforcement damage, and there are continuous high charge signals. erefore, the generation of continuous high charge signals can be used as the precursor information for the beginning of damage degradation and unstable cracking in the inner of coal sample.
As it can be seen in Figure 6 , at postpeak failure stage, the local rupture of the bearing structural plane is frequent. During the rupture process, due to the conduction of internal and external cracks, a large number of electrons emitted from internal and external crack tips fly directly into the air, and the escape of a large number of electrons causes a certain amount of charge to accumulate at the crack tip. erefore, there is obvious charge signals generation in postpeak failure stage and charges decrease gradually with the decrease of stress.
Verification of Stress-Charge Relationship Formula of Coal Mass under Uniaxial Compression.
e cumulative charge in the whole failure process of coal sample was counted and plotted in a time-cumulative charge curve to verify the feasibility of the stress-charge relationship established, as shown in Figure 6 . As it can be seen in Figure 6 , the cumulative charge curve is relatively stable in the compacting elastic stage, and it begins to rise obviously at reinforcement damage stage and postpeak failure stage. ere is a strong correspondence between the change of cumulative charge and stress mutation, and the reduction of stress corresponds to the obviously rising stage of the cumulative charge curve. Table 1 lists the cumulative charge at different stress levels (10% σ c , 20% σ c , 30% σ c , . . . , 100% σ c ) before stress peak of coal samples to study. As can be seen in Table 1 , as stress increases, cumulative charge increases gradually. Figure 7 demonstrates that the relationship between stress and cumulative charge each coal sample is fitted with a cubic polynomial formula, with the great determination Q � aσ 3 + bσ 2 + cσ + d (Q is the cumulative charge, σ is the loading stress, and a, b, c, and d are constant).
e above results show that there is a good correlation between stress and cumulative charge of coal samples during uniaxial compression, which is consistent with the results of stress-charge theoretical relationship formula established previously. As shown in Figure 7 , there is an "inflection point" in the cumulative charge curve with the change of stress, and the inflection point generally occurs at 70∼80% σ c . After inflection point, it is the reinforcement damage stage, and the internal cracks of coal sample continue to converge and penetrate until instability occurs. erefore, the inflection point of the cumulative charge curve can be used as the "starting point" for the interior damage and deterioration of coal samples until failure.
Charge Monitoring Experiment in Field
In order to verify the reliability of the stress-charge theoretical relationship formula and the results of laboratory tests, field experiment of charge monitoring was carried out.
Charge Monitoring Equipment.
e charge monitoring equipment used in this field test is an independently developed portable coal and rock charge monitor, as shown in Figure 8 .
It consisted of a charge sensor and a data acquisition instrument. It had the characteristics of visualization, multichannel, and portable. It can display the change law of charge signal in real time and grasp the fractured state of coal and rock in time. It had four monitoring channels, which can realize simultaneous monitoring of multiple measuring points in the underground. It was small in size, 20 cm in length, 15 cm in width, 10 cm in height, and 2 kg in weight, so it is easy to carry.
Monitoring Site and Monitoring Point Layout.
e monitoring site was selected in the conveyor roadway of J 16- Monitoring points were set as shown in Figure 9 .
Starting from the coal mining face 80 m, a charge monitoring point was arranged every 10 m, and a total of 10 monitoring points were arranged. e depth of each monitoring drilling was 2 m, and the distance between monitoring drilling and oor was about 1.5 m. e charge sensors were installed at the bottom of monitoring drilling, and the shielding copper mesh was plugged into the ori ce of monitoring drilling. e monitoring time of each monitoring point was 5∼10 min.
Monitoring Results and Analysis.
ere was a roof falling on the night of the second day of monitoring. is section mainly studies the variation of charge signal before and after roof falling and the relationship between spatial variation trend of charge and the distribution characteristics of advanced abutment pressure. Figure 10 shows the variation of real-time charge and average charge at each monitoring point before and after roof falling. e roof falling occurred between No. 5 and No. 6 measuring points about 118 m from the working face. In Figure 10 (a), there is no obvious regularity of charge at each monitoring point one day before top falling. e maximum value of average charge is 105.5 pC at No. 6 monitoring point 130 m away from working face. e average value of charge at the adjacent No. 5 monitoring point is also large, which is 103.7 pC.
In Figure 10(b) , the day of the roof falling, the charge of No. 1∼No. 4 monitoring points has an obviously decreasing trend with the increase of distance from working face. However, at No. 5 monitoring point 116 m away from the working face, the charge increases suddenly and lasts until No. 6 monitoring point. At No. 7 monitoring point, the charge decreases slightly, and then the charge of each monitoring point decreases gradually.
In Figure 10 (c), one day after roof falling, the charge of No. 5 and No. 6 monitoring points decreases significantly. In Figures 10(d) and 10(e), on the 2nd and 3rd day after the roof fall, the charge of No. 5 and No. 6 monitoring points continues to decrease gradually. With the increase of the distance from the working face, the charge of each measuring point decreases gradually.
In summary, the charge of No. 5 and No. 6 measuring points in the roof falling area changed obviously before and after the roof falling occurred. Figure 11 shows the continuous temporal variation of charge at No. 5 and No. 6 measuring points. We can find that the charge at No. 5 and No. 6 measuring points increased sharply before roof falling, Shock and Vibration and the average charge increased by 56.4% and 64.8%, respectively. erefore, a certain percentage of the charge increment at a single point can be taken as an early warning index for the mine pressure appearance in working face preliminary, and the critical value is 56.4∼64.8%. After the roof falling, the charge of No. 5 and No. 6 measuring points decreases gradually.
According to the variation characteristics of charge signals of No. 5 and No. 6 monitoring points before and after roof falling, the cumulative charge curves of No. 5 and No. 6 monitoring points before and after roof falling were drawn, as shown in Figure 12 . Figure 12 shows that the cumulative charge curve shows a rapid upward trend one day before roof falling and a sharp upward trend on the day of roof falling. According to the laboratory results in Figure 7 , the sharp upward of cumulative charge indicates that coal mass has entered the reinforcement damage stage and the stress level is relatively high. is is probably the main reason for the roof falling that day. It also proves the feasibility of stresscharge relationship formula established (formula (12)). As it can be seen in Figure 12 , the cumulative charge curve shows a rapid upward trend one day after roof falling and a steady upward trend two days after roof falling. is is a process of gradual release of energy. erefore, the overall variation characteristics of cumulative charge curve can identify the stress level and the degree of damage and fracture of coal mass to a certain extent. At the same time, the sharp increase of cumulative charge can be used as precursor information for the mine pressure appearing, but a large number of experiments need to be carried out to continuously verify it. Figure 13 is the monitoring results of cross-sectional deformation of No. 7 monitoring point in the conveyor roadway of J 16-17 -24030 working face. It can be seen that the deformation begins to change when the distance between No. 7 measuring point and working face is about 100 m. With the advance of the working face, the deformation increases gradually. So, the influence range of advance abutment pressure in J 16-17 -24030 working face is about 100 m. According to the mine pressure and strata control theory, the area in front of coal mining face can be divided into crushing zones, elevated stress zones, and original stress zones in turn, as shown in Figure 14 . It can be found that from Figures 10(b)-10(e) that the charge of No. 1∼No. 3 measuring points in the range of 100 m in front of the working surface is relatively large, while the charge of other points is relatively small. e effect of roof falling on charge is not considered here. erefore, the spatial variation trend of charge at each monitoring point is closely related to the distribution characteristics of advanced abutment pressure. In the elevated stress zones, the average charge is larger, while in the original stress region, the average charge is smaller, as shown in Figure 14 . erefore, the magnitude and position of the average charge can be used to reflect the stress concentration degree and stress distribution characteristics in front of working face.
Conclusion
In this paper, the authors establish the stress-charge relationship formula of coal mass, study the quantitative relationship between stress and cumulative charge under uniaxial compression through laboratory experiments, and perform the field charge monitoring test with the independently developed device. e major conclusions are as follows:
(1) ere is a nonlinear relationship between loading stress and cumulative charge of coal mass under uniaxial compression, which can be expressed by polynomials. (2) With the increasing of stress, the frequency and intensity of charge signals increase gradually. e appearance of "continuous high charge signal" can be used as precursor information for coal samples to enter reinforcement damage stage and unstable fracture.
(3) e experimental fitting results between stress and cumulative charge of coal samples conform to a cubic polynomial relationship, and the fitting formula is Q � aσ 3 + bσ 2 + cσ + d, which verifies the feasibility of stress and charge relationship formula. e inflection point of cumulative charge curve can be regarded as the "starting point" for the interior damage and deterioration of coal samples until failure. (4) e spatial variation trend of charges at each monitoring point is closely related to the distribution characteristics of advance abutment pressure. e overall variation characteristics of cumulative charge curve can identify stress level and the degree of damage and fracture of coal mass to a certain extent. (5) e magnitude and position of average charge and the upward trend of cumulative charge can be used to identify the stress concentration degree and stress distribution characteristics in front of working face. However, it is also necessary to analysis and summarize the intrinsic relationship between temporal and spatial distribution of charge signal and pressure appearing in the working face continuously. e charge induction method is a new rock burst prediction method. In this paper, the relationship between stress and charge of coal mass under uniaxial compression is studied. However, the relationship between stress and charge under triaxial compression is still unknown. is will be the next step for research, including theoretical analysis, laboratory experiment, and field monitoring.
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